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[57] ~ ABSTRACT 

An optical waveguide (34) is formed in a substrate (32) 
made of an electro-optic material. A plurality of strip 
line electrodes (36) are formed on the substrate (32) in 
spaced relation along the optical waveguide (34). A 
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stripline antenna (38) is connected to the upstream end 
of each electrode (36). An electromagnetic waveguide 
(40) directs an electromagnetic signal to the antennas 
(38), which couple the electromagnetic signal to the 
electrodes (36). The electromagnetic signal propagates 
along the electrodes (36) and electro-optically modu 
lates an optical signal propagating parallel thereto 
through the optical waveguide (34). The elctromag 
netic waveguide (40) may direct the electromagnetic 
signal through the substrate (32) to the antennas (38) at i 
an angle with the optical waveguide (34) selected to 
cause the electromagnetic signal to propagate through 
the substrate (32) in such a direction that the phase 
velocity of the electromagnetic wave along the direc 
tion of the optical waveguide (34) is substantially equal 
to the phase velocity of the optical signal propagating 
through the optical waveguide (34). Alternatively, the 
substrate (32’) may be dimensioned to constitute the 
electromagnetic waveguide such that the electromag 
netic signal propagates therethrough parallel to the 
optical waveguide (34) at the same phase velocity as the 
optical signal. The electromagnetic waveguide may 
also be provided as a separate dielectric waveguide (62) 
which extends parallel to the optical waveguide (34). 
An optical waveguide (94) may be split into two 
branches (94c, 94d) to enable amplitude modulation of 
the optical signal. 

17 Claims, 7 Drawing Sheets 
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ANTENNA-FED ELECT RO-OPTIC MODULATOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention generally relates to the art of 

optical communications, and more speci?cally to an 
electro-optic modulator con?guration and method 
which enable modulation of an optical carrier with 
electrical signals having extremely high frequencies. 

2. Description of the Related Art 
Fiber optic links are becoming increasingly important 

in a wide variety of applications such as millimeter 
wave communications and radar systems. An external 
electro-optic modulator is usually required for a milli 
meter wave ?ber optic link since direct modulation of a 
solid state laser signal is generally not possible above 
microwave frequencies. 

Travelling wave integrated optic modulators used for 
this purpose are known in the art, such as described in 
a paper entitled “17 GHz bandwidth electro-optic mod 
ulator”, by C. Gee et al, in Applied Physics Letters, vol. 
43, no. ll, Dec. 1, 1983, pp. 998—l,000. A typical travel 
ing wave modulator is illustrated in FIG. 1 and gener 
ally designated as 10. The modulator 10 includes a sub 
strate 12 formed of an electro-optic material, preferably 
crystalline lithium niobate (LiNbOz) An optical wave 
guide 14 is formed in the substrate 12 just below the 
surface of the crystal by ion diffusion of titanium or 
proton exchange. The waveguide 14 is single mode, and 
typically only a few microns wide. 
An optical signal from a laser or the like is fed into an 

input 16 and retrieved from an output 18 of the wave 
guide 14 using focussing lenses or by close coupling to 
single mode optical ?bers (not shown). A microwave 
stripline electrode 20 including ?rst and second seg 
ments 20a and 20b respectively is deposited on the sur 
face of the substrate 12 immediately adjacent to the 
optical waveguide 14. An electrical signal at microwave 
or higher frequency is applied across the segments 20a 
and 20b through a coaxial cable 22. The electrode 20 is 
terminated in a resistive load 24 via a coaxial cable 26. 
The electrical signal applied to the electrode 20 through 
the cable 22 propagates along the electrode 20 parallel 
to the optical waveguide 14 as a traveling wave. 
The segments 20:: and 20b are suf?ciently small and 

close together that the transverse electric ?eld therebe 
tween resulting from the electrical signal propagating 
along the electrode 20 passes through the optical wave 
guide 14 and induces an incremental phase shift in the 
optical signal via the electro-optic effect. This incre 
mental phase shift is integrated along the length of the 
optical waveguide 14 to produce the net phase modula 
tion. Although a phase modulator is illustrated in FIG.‘ 
I, the optical waveguide can be split into two branches 
in a Mach-Zehnder type interferometer arrangement to 
provide amplitude modulation as described in the above 
referenced article to Gee et al. 
The integrated effect of the incremental phase shift is 

cumulative as long as the optical and electrical signals 
propagate parallel to each other at the same phase ve 
locity. However, this does not occur in practical elec 
tro-optic materials such as LiNbOz. At optical frequen 
cies, the refractive index of LiNbOZ is n0=2.2, whereas 
at microwave and millimeter wave frequencies the re 
fractive index is nmm=5.3 to 6.6, depending on the 
orientation (LiNbOz is anisotropic). Since the electric 
?eld between the segments 20a and 20b of the stripline 
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2 
electrode 20 passes through both air and LiNbOz, the 
effective index of refraction for the electrical signal 
travelling along the electrode 20 is on the order of 
n,/]=4. This is still a mismatch with the n0=2.2 for the 
optical signal. 
FIG. 2 illustrates the phase displacement of the elec 

trical and optical signals as a function of distance of 
travel along the electrode 20. Due to the refractive 
index mismatch, the optical signal propagates with a 
phase velocity which is approximately twice that of the 
electrical signal. The magnitude of the phase modula 
tion progressively decreases as the phase difference 
between the optical and electrical signals increases. This 
phenomenon is known as a phase “walk off’. The de 
crease in overall phase modulation with frequency f and 
interaction length L is equal to [(sin(AfL))/AfL]2, 
where A=21r/c(neff—n0), and c is the speed of light. 

This velocity mismatch necessitates design tradeoffs. 
The maximum achievable drive electrical drive signal 
frequency f decreases as the interaction length L is 
increased. Conversely, to lower the drive voltage and 
power, a long interaction length L is required. The 
modulator must be made shorter and the drive power 
larger as the frequency is increased to obtain satisfac 
tory modulation. 

Prior art attempts to compensate for this phase veloc 
ity mismatch include replacing the single electrode 20 
with a periodic electrode structure such as described in 
a paper entitled “Velocity-matching techniques for 
integrated optic travelling wave switch/modulators”, 
IEEE Journal of Quantum Electronics, vol. QE-20, no. 
3, March 1984, pp. 301-309. These periodic electrode 
structures can be categorized into either periodic phase 
reversal or intermittent interaction electrodes. Known 
intermittent interaction electrode con?gurations in 
clude unbalanced transmission lines, i.e., asymmetric 
about the propagation axis. This leads to incompatibili 
ties with the balanced line (typically coaxial or wave 
guide probe) transitions to other ?ber optic link trans 
mitter components. 
The periodic phase reversal structures break up the 

electrode 20 into shorter sections, and force the phase 
shift between the sections to match the optical phase 
shift, as illustrated in FIG. 3. In the Figure, the elec 
trode is assumed to consist of four sections, with a 180° 
phase shift between the individual sections. The relative 
phase of the optical and electrical signals is effectively 
reset at the leading or upstream end of each section, and 
deviates to a maximum extent which is inversely pro 
portional to the length of the sections. Thus, the phase 
velocities are matched on the average. However, there 
is still a reduction in the modulation by the factor [sin 
(AfLsectionyAfLsectionlzi and Lsectian is required to be 
long enough to produce a 180° phase delay. This also 
means that the 180° phase reversals are correct only at 
a single modulation frequency, so that the structure of 
FIG. 1, which is a low-pass modulator, is converted 
into a bandpass modulator. 
Other problems that make it dif?cult to extend the 

operation of such modulators, both of conventional 
types such as shown in FIG. and the phase reversal 
types described above with reference to FIG. 3, to 
millimeter wave or higher frequencies, involve the con 
nection of modulation electrodes to the modulation 
signal source by coaxial cables, or through wire bonds 
or the like. This becomes unmanageable due to the 
extremely small physical dimensions involved. 
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SUMMARY OF THE INVENTION 

The present invention replaces the single electrical 
modulation electrode 20 illustrated in FIG. 1 with a 
plurality of short electrodes or sections in accordance 
with the general principle discussed above with refer 
ence to FIG. 3. However, the invention improves on 
the prior art by eliminating the 180° phase reversal 
requirement, and achieving the phasing of the short 
electrodes while avoiding the difficulties associated 
with connections to coaxial or other ohmic feeds. The 
present invention also allows much shorter electrode 
length per section so that an arbitrarily small reduction 
in modulation can be realized. This is done by connect 
ing each electrode to a planar antenna, and illuminating 
the antennas with an electromagnetic wave modulating 
signal which propagates in such a manner that it has a 
phase velocity along the direction of the optical wave 
guide which is equal to the phase velocity of the optical 
signal. 
More speci?cally, an optical waveguide is formed in 

a substrate made of an electro-optic material. A plural 
ity of stripline electrodes are formed on the substrate in 
spaced relation along the optical waveguide. A stripline 
antenna is connected to the upstream end of each elec 
trode. An electromagnetic waveguide directs an elec 
tromagnetic signal to the antennas, which couple the 
electromagnetic signal to the electrodes. The electro 
magnetic signal propagates along the electrodes and 
.electro-optically modulates an optical signal propagat 
ing parallel thereto through the optical waveguide. The 
electromagnetic waveguide may direct the electromag 
netic signal through the substrate to the antennas at an 
angle with the optical waveguide selected to cause the 
electromagnetic signal to propagate through the sub 
strate in such a direction that the phase velocity of the 
electromagnetic wave along the direction of the optical 
waveguide is substantially equal to the phase velocity of 
the optical signal propagating through the optical 
waveguide. Alternatively, the substrate may be dimen 
sioned to constitute the electromagnetic waveguide 
such that the electromagnetic signal propagates there 
through parallel to the optical waveguide at the same 
phase velocity as the optical signal. The electromag 
netic waveguide may also be provided as a separate 
dielectric waveguide which extends parallel to the opti 
cal waveguide. The optical waveguide may be split into 
two branches to enable amplitude modulation of the 
optical signal. 
These and other features and advantages of the pres 

ent invention will be apparent to those skilled in the art 
from the following detailed description, taken together 
with the accompanying drawings, in which like refer 
ence numerals refer to like parts. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simpli?ed perspective view of a prior art 
electro-optic phase modulator; 
FIG. 2 is a graph illustrating the phase velocity mis 

match between optical and electrical signals in the mod 
ulator of FIG. 1; 
FIG. 3 is a graph illustrating a known method of 

reducing the phase mismatch shown in FIG. 2; 
FIG. 4 is a simpli?ed perspective view of an electro 

optic phase modulator embodying the present inven 
tion; 
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4 
FIG. 5 is a partial sectional view illustrating a ?rst 

method of electromagnetically driving the modulator of 
FIG. 4 through its substrate; 
FIG. 6 is similar to FIG. 5, but illustrates an alterna 

tive method of electromagnetically driving the modula 
tor through its substrate; 
FIG. 7 is a sectional view illustrating the modulator 

of FIG. 4 as dimensioned to constitute a dielectric elec 
tromagnetic waveguide; 
FIG. 8 is a sectional view illustrating the modulator 

as being electromagnetically driven by a parallel dielec 
tric waveguide; 
FIG. 9 is a sectional view illustrating the modulator 

as being enclosed in a parallel electromagnetic wave 
guide; 
FIG. 10 is a section taken on a line 10—10 of FIG. 9; 
FIG. 11 is a plan view of a ?rst embodiment of an 

electro-optic amplitude modulator embodying the pres 
ent invention; 
FIG. 12 is similar to FIG. 11, but illustrates a another 

embodiment of an electro-optic amplitude modulator; 
FIG. 13 is a sectional taken on a line 13-13 of FIG. 

12; 
FIG. 14 is also similar to FIG. 11, but illustrates a 

another embodiment of an electro-optic amplitude mod 
ulator; 
FIG. 15 is a sectional taken on a line 15-15 of FIG. 

14; and 
FIGS. 16 to 18 are plan views at progressively en 

larged scale illustrating an EXAMPLE of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring now to FIG. 4 of the drawing, an electro 
optic phase modulator embodying the present invention 
is generally designated as 30, and includes a substrate 32 
made of a material such as LiNbO2 which exhibits the 
electro-optic effect. An optical waveguide 34 is formed 
in the upper surface of the substrate 32 by diffusion of 
titanium, cadmium, or other material into the substrate 
32 through a mask (not shown), so that the index of 
refraction of the material in the waveguide 34 is higher 
than the index of refraction of the material of the sub 
strate 32. An optical signal to be modulated is fed into 
the waveguide 34 at an optical input 340 thereof by a 
focussing lens arrangement or an optical fiber (not 
shown), and propagates through the waveguide 34 to an 
optical output 34b from which it is suitably coupled to 
an optical ?ber link or the like (not shown). 
The modulator 30 further includes a plurality of strip 

line electrical modulation waveguides or electrodes 36 
which are spaced from each other along the optical 
waveguide 34. Each electrode 36 includes two stripline 
segments 36a and 36b which are spaced on opposite 
sides of the optical waveguide 34 in close proximity 
thereto. 
Although four electrodes 36 are illustrated in the 

drawing, the invention is not so limited, and a particular 
modulator con?guration may have any suitable number 
of electrodes 36 which is limited only by the ability of 
the electromagnetic waveguide to illuminate them. 
Since the electrodes 36 are all driven with the proper 
phase, no particular spacing or phasing constraints are 
involved, such as the 180° phase reversal required in the 
prior art as described with reference to FIG. 3. In par 
ticular, a larger number of electrodes 36 with substan 
tially smaller phase mismatches than in the prior art 
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may be provided in accordance with the present inven 
tion. 
Antennas 38 which each include segments 38a and 

38b are formed on the substrate 32 and electrically con 
nected to the upstream ends of the segments 36a and 36b 
of the electrodes 36 respectively. The electrodes 36 and 
antennas 38 are made of an electrically conductive ma 
terial such as gold or aluminum, and may be evaporated 
or otherwise formed on the surface of the substrate 32 in 
an integral step. The antennas 38 are illustrated as being 
simple dipoles. However, the invention is not limited to 
any particular antenna con?guration, and the simple 
dipoles may be replaced by any other type of antenna 
such as'a bow-tie antenna (not shown) which may oper 
ate more e?iciently in a particular application. 

Referring now to FIG. 5, the modulator 30 further 
includes means for electromagnetically illuminating the 
antennas 38 at the phase velocity e/n,7 of the optical 
wave propagating through the optical waveguide 34. 
An electromagnetic waveguide 40 directs an electro 
magnetic modulating signal. at a microwave or higher 
frequency onto the antennas 38 through the substrate 
32. The waveguide 40 may be of any suitable type, and 
generally includes an electrically conductive tube hav 
ing a cross section selected to enable propagation of the 
electromagnetic signal therethrough. The electromag 
netic signal may be generated by a klystron oscillator or 
the like (not shown). For the simple dipole antennas 
shown, the TEwwaveguide mode with the electric ?eld 
polarization normal to the plane of the drawing should 
be used. Alternative antenna con?gurations may utilize 
different waveguide modes and polarizations in accor 
dance with known design principles. 
The waveguide 40 is con?gured so that the electro 

magnetic signal is directed thereby through the sub 
strate 32 to the antennas 38 at an angle 0 to a line ex 
tending perpendicular to the plane of the antennas 38 
and the optical waveguide 34. The angle 0 is selected to 
cause the electromagnetic signal to propagate through 
the substrate 32 in such a direction that the phase veloc 
ity of the electromagnetic wave along the direction of 
the optical waveguide 34 is substantially equal to the 
phase velocity c/no of the optical signal propagating 
through the optical waveguide 34. The electromagnetic 
signal is electromagnetically induced in and thereby 
received by the antennas 38, and coupled therefrom to 
the electrodes 36. The electromagnetic signal propa 
gates along the electrodes 36 parallel to the optical 
signal in the waveguide 34, thereby causing electro-op 
tic modulation of the optical signal. 

Illuminating the antennas 38 with the electromag 
netic signal at the angle 0 causes all of the antennas 38 
to be driven with the proper phase without resorting to 
coaxial leads or wire bonds as in the prior art. Although 
the electromagnetic signal propagating through the 
substrate 32 has the same phase velocity c/no parallel to 
the optical waveguide 34 as the optical signal, the phase 
velocity of the electromagnetic signal is reduced to the 
lower value of c/nejy after being induced in the elec 
trodes 36. However, the phase mismatch is reduced by 
providing a plurality of short electrodes 36 rather than 
a single electrode 20 as described with reference to the 
graph of FIG. 3. The larger the number of electrodes 36 
for a given interaction length L, the smaller the cumula 
tive phase mismatch. The angle 0 is equal to sin-1' 
(no/nmm), and has a value of approximately 20° for 
LiNbQz. This calculation is derived from the principle 
of k-vector wave matching, as described in an article 
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6 
entitled “964 GHz TRAVELING WAVE ELEC 
TRO-OPTIC LIGHT MODULATOR”, by I. Kami 
now et al, in Applied Physics Letters vol. 16, no. 11, 
June 1, 1970, pp. 416-418. ' ' 
Although the waveguide 40 is effective in directing 

the electromagnetic signal to the antennas 38 through 
the substrate 32, a signi?cant proportion of the electro 
magnetic signal may be re?ected from the lower surface 
of the substrate 32 back into the waveguide 40. This 
effect is deleterious in that the signal power available to 
illuminate the antennas 38 is reduced. This undesirable 
effect may be reduced substantially by providing impe 
dance matching means between the waveguide 40 and 
substrate 32 for smoothing the signal transition therebe 
tween. This reduces the re?ection and enables .a greater 
proportion of the signal to reach the antennas 38. 
One method for reducing the re?ection at the inter 

face is through the use of matching layers as illustrated 
in FIG. 5. A wedge 41 of a low loss dielectric material 
with substantially the same refractive index as the sub 
strate 32, um", and cut with a wedge angle 0, is used to 
eliminate re?ection and refraction at the interface be 
tween the substrate 32 and wedge 41. Alternatively, the 
wedge 41 may simply be an extension of the substrate 
32. One or more matching layers are applied to the 
other surface of the wedge 41 to reduce or eliminate the 
normal incidence re?ection of the wave at that surface; 
two such layers 42 and 44 are shown in FIG. 5. The 
prescription for choosing the dielectric constants and 
thicknesses of the matching layers is well known in the 
art as presented, for example, in a textbook entitled 
“Fields and Waves in Modern Electronics”, by S. 
Ramo, et al, published by J. Wiley, New York, 1984, 
Section 6.14: “Multiple Dielectric Boundaries with 
Oblique Incidence.” Simple examples of such layers are 
often called “quarter wave” matching layers. The 
matching layers may be applied to the back side of the 
wedge shaped block as shown in FIG. 5 or, although 
not illustrated, directly to the backside of the planar 
modulator substrate. In the latter case, the wave from 
the waveguide 40 would be incident on the matching 
layers at oblique incidence, and the physical angle made 
by the waveguide with respect to the substrate surface 
normal will no longer, in general, be 0, but can be calcu 
lated by repeated application of Snell’s Law so as to 
make the angle of incidence within the substrate 32 
equal to 0. The choice of dielectric constants and thick 
ness for the layers can be determined from the informa 
tion in the Ramo publication. 
FIG. 6 illustrates another method of achieving impe 

dance matching and thereby reducing undesired re?ec 
tion of the electromagnetic signal. In a phase modulator 
45, a block 46 of material having a dielectric constant 
which is substantially equal to that of the substrate 32 is 
mounted in the end portion of the waveguide 40. The 
block 46 has a cross sectional area as de?ned by tapered 
edges 46a and 46b which increases in the direction of 
propagation of the electromagnetic signal. The effective 
index of refraction for the signal thereby increases in 
proportion to the cross sectional area of the block 46, 
achieving impedance matching in a continuous manner, 
as opposed to a stepwise manner in the embodiment of 
FIG. 5. Such tapered matching usually results in 
broader operating bandwidths than the “quarter-wave 
layer” method. 
Whereas the electromagnetic signal is directed to the 

antennas 38 through the substrate 32 at the angle 6, it is 
possible to con?gure the cross section of a substrate 32’ 
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illustrated in FIG. 7 to itself constitute an electromag 
netic waveguide which causes the electromagnetic sig 
nal to propagate therethrough parallel to the optical 
waveguide at the phase velocity c/no. A phase modula 
tor 50 embodying the present invention includes an 
electromagnetic waveguide 52 of any suitable con?gu 
ration for directing the electromagnetic signal into the 
end of the substrate 32'. The optical signal is fed into the 
optical waveguide 34 by means of an optical ?ber 54 
which extends through a wall of the waveguide 52, and 
is coupled out of the optical waveguide 34 by means of 
an optical ?ber 56. The electromagnetic signal propa 
gating through the substrate 32’ induces an electrical 
signal in the antennas 38, which is in turn coupled to and 
propagates along the electrodes 36 to modulate the 
optical signal propagating through the optical wave 
guide 34 in the manner discussed above. 
The basic theory for computing the cross section of 

the substrate/electromagnetic waveguide 32' is set forth 
ina paper entitled “Dielectric Rectangular Waveguide 
and Directional Coupler for Integrated Optics”, by E. 

8 
guide 72 can be made equal to the phase velocity of the 
optical signal in the optical waveguide 34. Tapers 74 on 
the ends of the substrate 32 are employed to minimize 
re?ection of the modulating wave at the input and out 
put ends of the modulator substrate 32. A matched 
waveguide termination 76 absorbs the modulating wave 
and prevents re?ections back into the modulator region. 
The embodiments of the invention described above 

are phase modulators. However, it is possible to convert 
a phase modulator to achieve amplitude modulation by 
various known means, including splitting the optical 
waveguide into two branches. FIG. 11 illustrates a 

, Mach-Zehnder interferometer type amplitude modula 

20 

Marcatili, in Bell System Technical Journal, vol. 48, no. ' 
7, September 1969, pp. 2,07l-2,l03. Assuming that the 
substrate 32= has a width 0. and a thickness ,8, and an 
electrical modulation frequency of 10 GHz, the calcu 
lated dimensions for a and B for various ratios of a/B 
are as follows based on Marcatili’s theory: 

Ratio ((1/8) a B 

1:! 3.5 mm 3.5 mm 
2:] 4.3 mm 2.1 mm 
4:! 6.2 mm 1.5 mm 

The dimensions a and [3 generally decrease in pro 
portion to an increase in modulation frequency. At a 
frequency of 100 GI-lz, the values of a and B are less 
than one millimeter. Thus, the embodiment of FIG. 7 
may be limited to relatively low frequency applications 
due to dimensional constraints. 
FIG. 8 illustrates another phase modulator 60 with 

different means for coupling the modulation signal to 
the substrate waveguide 32'. Like elements are desig 
nated by the same reference numerals used in FIG. 7. 
The modulator 60 differs from the modulator 50 in that 
the electromagnetic signal is applied by means of a 
separate dielectric waveguide 62 which extends parallel 
to the dielectric waveguide 32'. The dielectric constant 
and cross section of the waveguide 62 may be computed 
from Marcatili’s theory such that the electromagnetic 
signal propagates through the waveguide 62 at the 
phase velocity c/no and couples to substrate waveguide 
32’ in the fashion of a directional coupler. The spacing 
between the waveguides 62 and 32' may also be deter 
mined from the theory of directional coupling set forth 
in the Marcatili reference. The space between the wave 
guides 62 and 32' may be ?lled with a layer 64 of differ 
ent dielectric constant to provide the proper coupling 
conditions. The entire assembly may then be encapsu 
lated in an inert polymer block as indicated at 66, pro 
vided the dielectric constant of the polymer is taken 
into account in the design. 
FIG. 9 illustrates another phase modulator 70 em 

bodying the present invention in which the substrate 32 
is disposed inside an electromagnetic waveguide 72. 
The modulator substrate 32 becomes a dielectric “?n” 
which loads waveguide 72 and reduces its characteristic 
phase velocity. By proper choice of the substrate thick 
ness, the phase velocity of the wave in the loaded wave 
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tor 90 embodying the present invention which includes 
a substrate 92 made of an electro-optic material as de 
scribed above. An optical waveguide 94 is formed in the 
substrate 92, and includes an optical input 94a, an opti 
cal output 94b, and two branches 94c and 94d which 
split from the input 94a and merge at the output 94b. 
The electrodes 36 and antennas 38 are spaced along 
only the branch 940. 
The antennas 38 are illuminated with the electromag 

netic signal using any of the con?gurations described 
above, and phase modulate the optical signal propagat 
ing through the branch 94c of the optical waveguide 94. 
The optical signal propagating through the branch 94d 
is unaffected by the electromagnetic signal and retains 
its original phase because the small regions where the 
antenna elements 38b overlap optical waveguide 94d 
will have little interaction length and thus can be ig 
nored. The optical signals recombine at the output 94b 
and optically interfere with each other such that the 
amplitude of the optical signal at the output 94b varies 
in accordance with the relative phase difference be 
tween the interfering optical signals from the branches 
94c and 94d. ' ' 

FIGS. 12 and 13 illustrate another amplitude modula 
tor 95 which is similar to the modulator 90 except that 
the segments 36a and 36b of the electrodes 36 and seg 
ments 38a and 38b of the antennas 38 are spaced along 
the branches 94c and 94d of the optical waveguide 94 
respectively. The operation of the modulator 95 is simi 
lar to that of the modulator 90 except that equal and 
opposite phase modulation occurs in the branches 94c 
and 94d of the optical waveguide 94, rather than phase 
modulation in one branch and no phase modulation in 
the other branch. This arrangement is appropriate for 
Z-cut orientation of the modulator substrate, in which 
the electro-optic modulation is sensitive to the trans 
verse component of the modulating ?eld normal to the 
surfacegAn insulating SiOz buffer layer 99 isolates the 
optical wave from the overlying metal electrodes to 
reduce optical losses. > 
FIGS. 14 and 15 illustrate a modi?cation of the elec 

trode and ‘antenna arrangement appropriate for X-cut 
orientation of the modulator substrate, where the elec 
tro-optic modulation is sensitive to the transverse com 
ponent of the modulating ?eld parallel to the surface. A 
modulator 96 includes a third electrode 97 which is 
connected as shown to provide the proper phase rela 
tionship for the modulating ?eld for the two optical 
waveguide branches 94c and 94d. The electrode 97 is 
connected to one of the antenna elements 38b while the 
two outer electrodes 36a and 36b are connected to 
gether and further connected to the other antenna ele 
ment 38a. An additional insulating layer of SiO; is re 
quired in a crossover region 98 to prevent shorting the 
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antenna terminals. This will require two separate depo 
sitions for the metal antenna and modulating electrodes, 
with an intervening deposition of an insulating layer. 

EXAMPLE 

A phase modulator having the con?guration illus 
trated in FIG. 4 was constructed on a LiNbOz substrate 
for operation at an optical wavelength of 633 nm and an 
electrical modulating frequency of 10 GHz. The dimen 
sions of the modulator are illustrated in FIGS. 16 to 18. 
The optical interaction length L was 28.1 mm. Seven 
electrodes 36 were provided within the interaction 
length L, each of which was 3.5 mm long. The longitu 
dinal spacing between the electrodes 36 was 4.0 mm. 
The width of the two segments 36a and 36b of the elec 
trodes 36 in combination was 0.1 mm, with a gap of 8 
microns between the segments. The antennas 38 had the 
con?guration of two half wave dipoles in phase. The 
span of the two segments 38a and 38b in combination 
was 5.55 mm. The width of the segments was 0.1 mm. 
The modulator was illuminated with an electromag 

netic wave using an open ended waveguide in the man 
ner illustrated in FIG. 5, and operated effectively even 
with inef?cient radiative coupling. Peak-to-peak phase 
modulation of 48° was achieved with 126 mW of micro 
wave electromagnetic power. 
While several illustrative embodiments of the inven 

tion have been shown and described, numerous varia 
tions and alternate embodiments will occur to those 
skilled in the art, without departing from the spirit and 
scope of the invention. Accordingly, it is intended that 
the present invention not be limited solely to the speci? 
cally described illustrative embodiments. Various modi 
?cations are contemplated and can be made without 
departing from the spirit and scope of the invention as 
de?ned by the appended claims. 

I claim: 
1. An electro-optic modulator comprising: 
a substrate formed of an electro-optic material; 
an optical waveguide formed in the substrate; 
a plurality of electrodes spaced along the optical 

waveguide; and 
a plurality of antennas connected to the electrodes 

respectively to receive an electromagnetic signal 
by electromagnetic induction and deliver the re 
ceived electromagnetic signal for propagation 
along the respective electrodes and modulation of 
an optical signal propagating through the optical 
waveguide. 

2. A modulator as in claim 1, in which: 
each electrode comprises ?rst and second segments 
which are spaced on opposite sides of the optical 
waveguide respectively; and 

each antenna comprises ?rst and second segments 
connected to the ?rst and second segments of the 
waveguide respectively. 

3. A modulator as in claim 2, in which the ?rst and 
second segments of each antenna extend transversely 
outward from upstream ends of the ?rst and second 
segments of the respective electrode. 

4. A modulator as in claim 2, in which: 
the optical waveguide comprises: 
an optical input; 
?rst and second branches which extend from the 

optical input; and 
and an optical output at which the ?rst and second 

branches merge; 
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10 
the ?rst segments of the electrodes are spaced along 

the ?rst branch of the optical waveguide; and 
the second segments of the electrodes are spaced 

along the second branch of the optical‘ waveguide. 
5. A modulator as in claim 4, in which the ?rst and 

second segments of each antenna extend transversely 
outwardly from upstream ends of the ?rst and second 
segments of the respective electrode. 

6. A modulator as in claim 2, in which: 
the optical waveguide comprises: 

an optical input; 
?rst and second branches which extend from the 

optical input; and 
and an optical output at which the ?rst and second 
branches merge; and 

the ?rst and second segments of the electrodes are 
spaced along the ?rst branch of the optical wave 
guide. 

7. A modulator as in claim 6, in which the ?rst and 
second segments of each antenna extend transversely 
outwardly from upstream ends of the ?rst and second 
segments of the respective electrode. 

8. A modulator as in claim 1, further comprising an 
electromagnetic waveguide for directing the electro 
magnetic signal to the antennas. 

9. An electro-optic modulator comprising: 
a substrate formed of an electro-optic material; 
an optical waveguide formed in the substrate; 
a plurality of electrodes spaced along the optical 

waveguide; -' 

a plurality of antennas connected to the electrodes 
respectively to deliver received electromagnetic 
signals for propagation along the respective elec 
trodes and modulation of an optical signal propa 
gating through the optical waveguide; and 

an electromagnetic waveguide for directing the elec 
tromagnetic signal to the antennas; 

the electromagnetic waveguide being oriented at a 
predetermined angle to the optical waveguide se 
lected to cause the electromagnetic signal to propa 
gate through the substrate in such a direction that 
the phase velocity of the electromagnetic wave 
along the direction of the optical waveguide is 
substantially equal to the phase velocity of the 
optical signal propagating through the optical 
waveguide. 

10. A modulator as in claim 9, in which the predeter 
mined angle is selected such that the electromagnetic 
waveguide directs the electromagnetic signal to the 
antennas through the substrate. 

11. A modulator as in claim 10, further comprising 
impedance matching means disposed between the elec 
tromagnetic waveguide and the substrate for preventing 
re?ection of the electromagnetic signal from the sub 
strate back into the electromagnetic waveguide. 

12. A modulator as in claim 11, in which the impe 
dance matching means comprises a plurality of material 
layers having respective dielectric constants which 
increase along the direction of propagation of the elec 
tromagnetic signal. 

13. A modulator as in claim 11, in which the impe 
dance matching means comprises a material having a 
dielectric constant which is substantially equal to the 
dielectric constant of the substrate, and a cross sectional 
area which increases along the direction of propagation 
of the electromagnetic signal. 

14. A modulator as in claim 1, in which the substrate 
has a predetermined cross section which causes the 
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electromagnetic signal to propagate therethrough paral 
lel to the optical waveguide at a phase velocity which is 
substantially equal to the phase velocity of the optical 
signal propagating through the optical waveguide. 

15. A modulator as in claim 1, further comprising a 
dielectric waveguide disposed adjacent to the substrate 
and extending substantially parallel to the optical wave 
guide for inducing the electromagnetic signal into the 
antennas. 

16. A modulator as in claim 15, in which the dielectric 
waveguide has a predetermined cross section and di 
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electric constant which cause the electromagnetic sig- i 
nal to propagate therethrough at a phase velocity which 
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12 
is substantially equal to the phase velocity of the optical 
signal propagating through the optical waveguide. 

17. A modulator as in claim 1, further comprising an 
electromagnetic waveguide which encloses the sub 
strate and extends substantially parallel to the optical 
waveguide for inducing the electromagnetic signal into 
the antennas, the electromagnetic waveguide having a 
predetermined cross section which causes the electro 
magnetic signal to propagate therethrough at a phase 
velocity which is substantially equal to the phase veloc 
ity of the optical signal propagating through the optical 
waveguide. 

* ‘ $ t i 
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